THE CRYSTALLIZATION OF TOUGH THERMOPLASTIC RESINS 
IN THE PRESENCE OF CARBON FIBERS 
Grant number - NAG-1-525 S-l 

///- 2-7 


A Technical Report 

for the year ending December 31, 1986 


/«92/y 

P- jS-o 


submitted by 

Dr. Michael H. Theil, Principal Investigator 
College of Textiles 
Department of Textile Chemistry 
Box 8302, North Carolina State University 
Raleigh, NC 27695-8302 


submitted to 

Dr. Noel T. Wakelyn 
Technical Officer 
and 

Dr. Norman J. Johnston 
MD M/S 226 

National Aeronautics and Space Administration 
Langley Research Center 
Hampton, VA 23665 


JNASA-CR-182984) THE CRYSTALLIZATION OF N88-26464 

TOUGH TH2RH0PLASTIC RESINS IN THE PRESENCE 
OF CARBON FIBERS Technical Report, year 

endings 31 Dec. 1986 JNorth Carolina State Unclas 

Univ. ) 120 p CSCL lie G3/27 0149217 


V 


THE CRYSTALLIZATION OF TOUGH THERMOPLASTIC RESINS 
IN THE PRESENCE OF CARBON FIBERS 
Grant number - NAG-1-525 S-l 


A Technical Report 

for the year ending December 31, 1986 


submitted by 

Dr. Michael H. Theil, Principal Investigator 
College of Textiles 
Department of Textile Chemistry 
Box 8302, North Carolina State University 
Raleigh, NC 27695-8302 


submitted to 

Dr. Noel T. Wakelyn 
Technical Officer, 
and 

Dr. Norman J. Johnston 
MD M/S 226 

National Aeronautics and Space Administration 
Langley Research Center 
Hampton, VA 23665 



i 


ACKNOWLEGDEMENT 

Mr. Timothy W. Towell, a graduate student at North Carolina 
State University, did the experimental work described here and made 
major contributions to the planning of the program, the 
interpretation of results, and the writing of this report. 

.The financial and contributions of NASA's Langley Research 
Center, and the technical advice of its personnel are gratefully 
acknowledged. 



ii 


ABSTRACT 

The presence of carbon fibers increased the crystallization 
rates of both poly (aryl-ether-ether-ketone) (PEEK) and 
poly (phenylene sulfide) (PPS) thermoplastic polymers. The effect 
was most pronounced at higher crystallization temperatures. 
Isothermal crystallization rates were analyzed by applying 
classical phenomenological nucleation theory. Unusually high 
values of the so-called Avrami exponent were found for neat PEEK. 

Isothermal crystallization of PEEK and PPS polymers produced 
crystalline samples having a wide variety of melting tempera- 
tures. The melting as observed by differential scanning 
calorimetry occurred as dual eridotherms which were called 
primary (higher temperature) and secondary melting peaks. Each 
primary peak accounted for most of the crystallinity present. 

The secondary peaks represented the melting of crystallites 
formed later than those attributable to the primary endotherms. 
The presence of carbon fibers increased the thermal stability of 
both PEEK and PPS crystallites as manifested by higher tempera- 
tures for the primary melting peaks. This may be attributable 
to increased crystallite size, greater crystallite perfection, 
and/or favorable modification of the crystallite interface. Over 
the range studied, crystallization temperature strongly 
influenced the positions of the secondary peaks but not the 
primary peaks. 
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1 . 0 INTRODUCTION 


The two high temperature thermoplastics of interest in the 
study are poly (aryl-ether-ether-ketone) (PEEK) and poly (phenylene 
sulfide) (PPS ) . PEEK molding grade resin and PPS can crystallize 
to an extent of about 40% and 65% respectively. A polymer's 
thermal and mechanical properties, such as toughness, resistance 
to creep, glass transition temperature (T g ) and crystalline melt- 
ing temperature (T ) are critical to its use in composites. Such 
properties can be affected by degree of crystallinity and other 
crystalline characteristics such as crystallite size and 
perfection. Therefore, to optimize the properties of these 
resins to suit intended applications, one must understand their 
crystallizations and to control the resulting crystallinities. 

The crystallizations of neat PPS and PEEK were the topics of 
several previous studies. However, their crystallizations in the 
presence of carbon fibers have not been studied much. 

This study focuses on the ways carbon fibers influence 
changes in the crystallization kinetics of PEEK and PPS. Any 
effects of carbon fibers on the bulk crystallization of a 
polymer must involve the fiber/matrix interface. If the 
fiber/matrix interface can affect crystallization, it may also 
be that crystallization can affect the fiber-matrix interface. 
Effects on the interface can have significant consequences on 
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mechanical properties, since the most common modes of failure in 
fiber reinforced composites involve breakage at the fiber-matrix 
interface. 

For the most part, this study involved thermal analysis 
experiments conducted via differential scanning calorimetry 
(DSC) ; supplemental experiments were conducted through the use 
of optical microscopy. Isothermal crystallization experiments 
and heating experiments were performed on the neat PPS and PEEK 
samples as well as on carbon fiber reinforced composite samples. 
Analysis of the crystallization isotherms obtained were 
performed using partial areas software developed by the Perkin 
Elmer Company. From the partial area analysis, crystallization 
kinetics parameters were determined. The heating analysis was 
used to determine the melting behavior of isothermally crystal- 
lized samples. An estimate of crystallite size and perfection 
was obtained from the analysis of the melting behavior. Optical 
microscopy was used to search for molecular orientation in the 
polymers caused by the presence of carbon fibers. The crystal- 
lization of both neat and carbon fiber containing polymers was 
observed with the use of a polarizing microscope equipped with a 
Mettler FP-2 Hot Stage. 
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1.1 Introduction to carbon fiber reinforced composites 

Carbon fiber reinforced composites combine carbon fiber's 

high moduli and strength with the matrix polymer's high 
toughness and ductility. High moduli reduce fatigue and are 
desired for strain limited designs. But, even under low • 

strains, high moduli materials tend to concentrate stresses and 
suffer brittle failure. Ductile materials will yield so as to 
redistribute the load, where brittle materials will fracture. 

The purpose of carbon fiber/polymer composites is to take the 
brittle carbon fiber and give it some pseudoductility to 
minimize local stress concentration [1], 

1.2 Thermoplastic vs. Thermosetting Resins 

Currently, thermosetting resins (thermosets) are the most 
commonly used matrix material in carbon fiber reinforced 
composites. The chemically reactive nature of thermosetting 
prepolymers that are used in the fabrication of composite 
products limits their shelf life and requires their storage 
under refrigeration. The lay-up and molding of thermoset 
composites can be done only once; the chemical cross-linking in 
thermosets is irreversible. Therefore, if a component is flawed, 
no reprocessing is possible. In addition, the repair or 
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combining of thermosets requires gluing, riveting, or some other 
means of superficial attachment. 

High temperature crystallizable thermoplastic polymers 
(thermoplastics) have been eliciting increasing interest for use 
as matrix materials in carbon fiber reinforced composites. 
Thermoplastics offer many potential advantages over the 
thermosets in wide use today. Thermoplastics are usually 
polymerized to completion prior to composite fabrication and 
have and indefinite shelf life. Unlike thermosets, 
thermoplastics may be remelted and solidified many times. This 
allows components to be constructed in a series of successive 
remeltings. Damage in thermoplastics can also be repaired 
through remelting. 

Thermoplastics have been criticized in that their lack of cross- 
links may allow them to creep. However, the lack cross-links 
also makes them less susceptible to brittle failure, and 
improves their toughness. 

1.3 Introduction to PEEK and PPS 

The tough, high melting, thermoplastics of interest in this 
study are poly (aryl-ether-ether-ketone) (PEEK) and poly (phenylene 
sulfide) (PPS) . PEEK is a crystallizable aromatic polymer in 
which recurring benzene rings are para-substituted by a 
repeating sequence of two ether links followed by a carbonyl 



5 


link. PPS is a crystalline aromatic polymer in which recurring 
benzene rings are para-substituted with sulfur atom links. 


PEEK 


PPS 


1.4 Polv farvl-ether-ether-ketone) (PEEK^ 

Poly (aryl-ether-ether-ketone) (PEEK) was developed by Imperial 
Chemical Industries (ICI) and is marketed under the trademark 
VICTREX. A chemically correct name for PEEK is poly (oxy-1, 4- 
phenyleneoxy-1, 4-phenylenecarbonyl-l, 4-phenylene) . 

PEEK can be synthesized by a nucleophilic aromatic 
substitution reaction, using diphenyl sulfone as a solvent, at 
temperatures near the melting point of the polymer [2,3,4]. Use 
of poly (phosphoric acid) and liquid HF as solvents for 
polymerization has also been reported. 

The physical and mechanical properties of PEEK make it well 
suited for use as a matrix material in fiber reinforced 
structural composites. PEEK is tough. It exhibits ductile 
failure and also has high resistance to dynamic fatigue. It has 
good thermal stability and may be melted and crystallized 
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several times without significant chemical cross-linking or 
degradation. The polymer is highly insoluble. With the 
exception of some strong acids, no solvent has been found that 
readily dissolves it at room temperature [4], PEEK is crystal- 
lizable. The maximum achievable degree of crystallinity is 
approximately 48% but typical values are usually around 30% [5], 
The crystalline melting point is around 335 °C (608 K) , and the 
glass transition temperature is around 145 °C (418 K) for the 
amorphous polymer and tends to be higher when crystallinity is 
present [6,7] . 

1.5 Polvfphenvlene sulfide) (PPS) 

Poly (phenylene sulfide) (PPS) is marketed by Phillips 
Chemical Co. under the trademark RYTON. The uncluttered 
aromatic ring and simple sulfur to carbon bond are highly 
stable. Its linear compact symmetrical structure causes PPS to 
be highly crystallizable; degrees of crystallinity may exceed 
60 percent. T m and Tg have been found to be 315°C (588 K) and 
92 °C (365 K) respectively [8]. Its resistance to a broad 
range of chemicals that is second only to 
polytetrafluorethylene (Teflon (R) ) . It is essentially 
insoluble; no substance has been found to dissolve PPS readily 
below 400 °F (570 K) [9]. 

Low molecular weight PPS is made by reacting 
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p-dichlorobenzene with sodium sulfide in a polar solvent. 

Higher molecular weight PPS suitable for injection molding is 
produced by heating the low molecular weight material in the 
presence of air. This process extends the chain length while 
producing some cross-linking. 

In a new process, high molecular weight PPS is produced in one 
step by reacting p-dichlorobenzene with a small amount of an 
undisclosed comonomer in the presence of a catalyst. The 
resulting material is more linear and is of higher molecular 
weight, thus giving it higher strength and ductility than the 
PPS produced from from the conventional two step method [10]. 

1.6 Literature Review - PEEK 

The following is a review of previous neat PEEK crystal- 
lization studies: 

D.J. Blundell and B.N. Osborn conducted a study of PEEK crys- 
talline morphology by DSC and X-ray diffraction. From plots of 
crystallization times vs. isothermal crystallization tempera- 
tures (T ) , they determined that the maximum rate of crystal- 
lization for PEEK occurs around 230 °C (503 K) . By plotting 
crystallite lamellae thickness against T they obtained an 
extrapolated melting point (T^) of 395 °C (668 K) which is the 
theoretical melting point of an ideal, infinitely large crystal. 
The heat of fusion for fully crystalline PEEK was determined to 
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be 130kJ/kg (31.07 cal/g) [11]. 

P. Cebe and S.-D. Hong used DSC to study the crystallization 
PEEK under isothermal and non- isothermal conditions. The Avrami 
exponent of crystallization time dependency [sec. 1.8] was found 
to be 3 from isothermal crystallizations. Non-isothermal crys- 
tallizations were analyzed by applying the Avrami equation at 
low conversion levels. Crystallization activation energies were 
calculated to be 68 kcal/mol. when cooling from the melt and 52 
kcal/mol. when heating amorphous PEEK above Tg [12]. . 

S.Z.D. Cheng, M.-Y.Cao, and B. Wunderlich studied the glass 
transition and melting behavior of PEEK via DSC. T was found 

g 

to vary with crystallization temperature with lower crystal- 
lization temperatures giving higher T values. From isothermal 

y 

crystallizations, three different populations of crystallites 
were identified: a high melting population which usually 
constituted a major portion of the crystallinity; a low melting 
population; and a broad but small fraction which crystallizes 
upon cooling the sample from T . Analysis of samples 
isothermally crystallized for different lengths of time 
indicated that the high melting crystals grow first followed by 
the low melting fraction. Effects of crystallinity on heat 
capacity (C ) was also studied, and a rigid-amorphous fraction 
was identified in poorly crystallized, samples which is non-crys- 
talline yet does not contribute to the increase of C at T [7]. 

P g 
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A. J. Lovinger and D. D. Davis crystallized PEEK from dilute 
solutions at temperatures near 210 °C (483 K) using two organic 
solvents (a -chloronaphthalene and benzophenone) . Spherulites 
and single crystals were obtained. Crystalline morphology was 
studied with electron microscopy and diffraction. The crys- 
tallites were found to be fibrillar, being narrow in the a crys- 
tallographic axis and long in the b axis. The radial growth 
direction of the spherulites corresponded to the b crys- 
tallographic axis [13]. 

The following is a review of crystallization studies of PEEK 
in the presence of carbon fiber: 

Y. Lee and R. Porter studied the crystallization of PEEK in 
the presence of carbon fibers using DSC and optical microscopy. 
Upon cooling from the melt, it was found that the presence of 
carbon fibers reduces supercooling required before PEEK crystal- 
lized, thus suggesting that the fibers act as nucleating agents. 
Fiber containing films were held in the melt at 390 °C (663 K) 
for prolonged periods and then crystallized by slow cooling. 
Photomicrographs obtained through the polarizing microscope show 
transcrystalline growth from the fiber surface and reduction of 
nucleation density in the bulk in samples that were held in the 
melt for two or more hours. Mechanical tests showed increases 
in transverse tensile strength and matrix/fiber adhesion for 
these samples [14]. 
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F. N. Cogswell examined the crystalline texture of APC-1 
PEEK/carbon fiber composites using optical microscopy. 
Nucleation of spherulites at the carbon fiber surface was noted 
for crystallization at 325 °C (598 K) . Electron micrographs of 
broken composite sections show a PEEK polymer coating on the 
broken fiber ends, indicating high polymer to fiber adhesion 
[15]. 

D. J. Blundell, J. M. Chambers, M .W. Mackenzie, and W .F. 
Gaskin assessed crystallinity of PEEK matrix polymer in APC-2 
carbon fiber composite with regard to degree of crystallinity 
and crystal orientation using X-ray diffraction and infrared 
reflection. The degree of crystallinity ranged from 20 to 40% 
with the higher values obtained at higher crystallization tem- 
peratures. In samples slowly cooled from the melt, an overall 
crystalline orientation bias was found with respect to the 
carbon fibers in which the crystallographic a-axis of PEEK was 
oriented perpendicular to the fiber axis [16]. 
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1.7 Literature Review - PPS 

The following is a review of studies of crystallization on 
neat PPS: 

A. J. Lovinger and D. D.- Davis used PPS to study regime II- 
III transitions by measuring spherulite growth rates at various 
crystallization temperatures under the microscope. In addition, 
DSC analyses were conducted to generate plots of melting points 
of a polymer that was isothermally crystallized at various T 
values, T m * vs. T , from which an extrapolated crystalline 
melting point of 315 °C (588 K) was found for medium molecular 
weight PPS [8]. 

D.G. Brady conducted X-ray studies of PPS and determined the 
approximate degree of crystallinity in virgin grade (low 
molecular wt.) PPS to be 65 percent. In addition, tensile 
strength was found to decrease after annealing for low molecular 
weight PPS and increase in high molecular weight PPS [17]. 

F.J. Padden and A.J. Lovinger crystallized PPS from dilute 
solutions at temperatures 130-160 °c (403-423 K) . The 
solvents used were <*-chloronaphthalene and a mixture of 
a-chloronaphthalene and n-tetradecane. PPS films were also 
isothermally crystallized at temperatures up to 280 °C (553 K) . 
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Examination under a scanning electron microscope revealed that 
spherulites were composed of extremely fine fibrils (as in PEEK) 
[18]. 


1.8 General Theory of Crystallization in Polymers 

The crystallization process can be divided into two parts, 
nucleation and growth. Two types of nucleation will be 
considered; homogeneous nucleation in which nuclei form from the 
crystallizing polymer alone, and heterogeneous nucleation in 
which crystallization begins on foreign particles or on some ' 
other type of low energy site. (For the purposes of this 
discussion these low energy surfaces will be called impurities.) 
In crystalline growth, which occurs after nucleation, growth 
morphology and time dimensionality will be considered. 

Nucleation is the mechanism by which crystallites are formed 
and grown to a stable size. Below the melting point of the 
polymer a bulk crystalline phase will be thermodynamically more 
stable than a molten phase, but the initiation of crystallite 
formation is often accompanied by a rise in free energy which 
thus acts as a barrier to crystallization. This barrier is 
caused by the high surface area to volume ratios that are 
characteristic of small crystallites in comparison to large 
ones. The surface free energy associated with these small crys- 
tallites, which opposes crystallization, will outweigh their 
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heat of fusion thus causing instability. Crystallites which 
reach a critical size may continue to spontaneously grow to 
stable crystals. Critical size may be defined as the size at 
which any additional growth lowers the free energy barrier to 
phase transition. A critical size arises because the volume of 
the new phase grows in proportion to the cube of its increase in 
linear dimensions while its surface grows proportionally to the 
square of those dimensions. 

Two mutually exclusive categories of nucleation are termed 
homogeneous and heterogeneous. In homogeneous nucleation, 
polymer segments are brought together through random thermal 
motion, forming nuclei of various sizes. Small nuclei are 
unstable and will remelt. Nuclei of critical size will continue 
growing and will become thermally stable. 

In heterogeneous nucleation, nucleation occurs on the 
surfaces of impurities. The impurity lowers the free energy 
barrier to nucleation by contributing to a surface energy more 
favorable to crystallization than does the melt. Also, the 
impurity may contain cracks or channels that can prealign 
polymer segments for crystallization. In the ideal case, the 
heterogeneities totally eliminate the free energy barrier to 
nucleation; all nucleation will occur the instant the polymer is 
lowered below its melting point. 
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Crystalline Growth 

After nucleation has occurred, the resulting crystallite will 
continue to grow, incorporating material from the melt. As 
growth proceeds, the crystallizing mass will attain a specific 
growth morphology, which changes in a continuous manner, 
outwardly from the point of nucleation. For common growth 
morphologies, the total amount of material converted to the 
crystalline phase as a function of time may be given by: 

conversion = kt n (l.i) 

The time exponent n is known as the Avrami exponent named 
after M. Avrami, who developed a general theory of phase growth 
[19,20]. The Avrami exponent is the time dimensionality of 
crystalline phase growth. It is a summation of the crystalline 
growth dimensionality and the time order of nucleation. 
Spherulitic growth will be used as an example, since it is the 
most common growth morphology observed in crystallizable 
polymers . 

Spherulitic crystalline growth from randomly forming nuclei 
(homogeneous nucleation) is characterized by an Avrami exponent 
of 4 . The volume increase of a sphere will be a cubic function 
of its radius increase. Therefore, assuming linear growth rate 
to be constant, the volume increase of a sphere will be a cubic 
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function of time. With constant nucleation rate, the number of 
spheres formed will be a first-order function of time. The rate 
of initiation of spheres multiplied by the growth rate of 
individual spheres will give the overall rate of amorphous to 
crystalline transformation. In this case it will be fourth-order 
with respect to time. 

If nucleation is ideally heterogeneous, the number of nuclei 
will not be a function of time. The number of nuclei formed 
will be predetermined by the number of heterogeneities present 
and will all form simultaneously at the beginning of the crys- 
tallization. In this case, the dimensionality of the growth 
process alone will contribute to the Avrami exponent. 

Spherulitic growth from, ideal heterogeneous nucleation will 
generate an Avrami exponent of three. 

Derivation of growth kinetics for spherulitic growth from 
homogeneous nucleation will be given as an example. Two cases 
will be considered. The first will use the so-called free 
growth approximation in which nucleation and growth of 
spherulites are considered to be independent of other 
spherulites present. In the second case, limitations on 
nucleation and growth of spherulites by the presence of other 
spherulites will be considered.. 
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Spherulitic Growth Kinetics - Free Growth Approximation 

When nucleation is a random process (homogeneous case) the 
number of nuclei to form in the time period t may be given by: 

n = NM t or dn = NM dt (1.2) 

o o 

where n is the number of nuclei, and M is the total mass of the 

o 

crystallizing material, and N is the nucleation rate with 
dimensions [n.mass” 1 . time -1 ] . 

If linear growth rate is constant, then the radius of a 
spherulite at any time t will be given by: 

r = G(t - t ± ) (1.3) 

where G is growth rate in units of distance/time, and t^ is the 
time at which the spherulite was nucleated. 

The differential change in crystalline mass (dM ) may be 
given by: 

dMc = N(M 0 )dt.(4/3)7TG 3 (t - t.) 3 P c (1.4) 

p is the density of the crystalline phase, 
c 

Total crystalline mass M at time t is obtained by integration 

c 
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of (1.4) between the limits of t^ = 0, and t^ = t which yields 

M c = M q [(V 3)N(G 3 ) (P c ) ] t 4 (1.5) 

Dividing by M q and making the constants in the brackets one 
constant gives: 


M c /M 0 = [k]t 4 (1.6) 

Soherulitic Growth Kinetics with Impingement 

Equation (1.6) holds only when M is very small in relation 

C 

to M . As M gets larger, spherulites will impinge. In 
addition, the remaining uncrystallized mass will be reduced, 
thereby reducing the rate of new nucleation. The rate of change 
in crystalline mass with impingements considered may be 
related to the change in crystalline mass growing freely by the 
following equation: 

dM (impinged) /dM ( free) = 1 - M /M (1.7) 

C C CO 

dM (free) is obtained by differentiation of equation (1.5) with 

C 

respect to time: 
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dM ( free) = Mr (4ti/3)N G 3 P1t 3 dt (1.8) 

CO c 

Substitution of equation (,1.8) into (1.7) gives: 

dM c ( impinged) /(M q - M c ) = [ (4 V3)NG 3 P c ]t 3 dt (1.9) 

Integration of (1.9) gives: 

-ln(l - M c /M 0 ) = [("/3)NG 3 P c ]t 4 (1.10) < 

Combining the terms in the brackets and expressing (1.10) as an 
exponential gives: 

1 - V M o = ex P(“ kt4 ) (1.11) 

Implicit in equation (1.11) is that crystallization goes to 
completion. That is to say, given enough time, the sample will 
become totally crystalline. Polymeric materials seldom, if 
ever, crystallize entirely. The PEEK and PPS samples, which are 
the subject of this report, typically crystallize to between 30 
and 65% of the total sample mass. The above analysis must be 
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modified to accommodate materials which never crystallize to 
completion. Equation (1.6) can be rewritten as: 

dM c ( impinged) /dM c ( free) = 1 - ) (1.12) 

The presence of M_ places some of the remaining amorphous 
material in an uncrystallizable situation. The term (M q /M c 
is a correction factor to account for the total sample fraction 
that becomes uncrystallizable with M c . 

Replacing equation (1.7) with equation (1.12) and inte- 
grating as was done with equation (1.9) yields: 

-In [1 - X c (t)/X c (oo)] = l/X c (co)kt n (1.13) 

where X (t) and X (°°) equal the mass fraction of crystallinity 
c c 

after time t and the mass fraction of crystallinity at infinite 
time. 

The time dependency of conversion during isothermal crystal- 
lization can be analyzed using equation (12) 

X c (t)/X c (o5) = 1 " ex P(“ k 't n ) (1.14) 

where k' = [1/X («)]k. 

c 
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1.9 Melting Temperatures of Thin Polymer Crystals 

For the purposes of evaluating melting point data later in 
this report, it will be useful to describe the factors 
influencing the observed melting temperatures of polymer crys- 
tallites. 

The theoretical equilibrium melting temperature of a polymer 
crystal T m may be defined as the temperature at which a polymer 
crystal of infinite size and complete perfection will melt. 

The actual melting temperatures observed in crystallizable 
polymer systems T m * are usually found well below T . Polymer 
crystals tend to be small and imperfect with thicknesses 
related to crystallization temperature T c . The creation of 
large surface areas associated with the formation of small 
crystals adds a significant surface energy quantity to the free 
energy of formation thereby lowering melting temperature. 

Polymers tend to crystallize into flat lamellae which are 
thin in the chain direction with upper and lower surfaces 
consisting mostly of chain folds (Fig. 1) . Spherulites, if 
allowed to grow in an unrestricted way> are aggregates of 
lamellae stacked either parallel or perpendicular to the radial 
direction. Lamella thickness is the predominant factor 
determining melting point depression, and crystallization tem- 
perature is the predominant factor determining lamella 
thickness . 
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J.D. Hoffman and J.J. Weeks [21] and L. Mandelkern [22] have 
derived expressions relating T^* to lamella thickness, and 
relating lamella thickness to T . Thereby, expressions are 
derived relating T m * to T c « The following is an extract from 
those derivations. 

The free energy of formation of the crystal in Fig. 1 is 
given by: 

<& = 2abo + 2 bio + 2alo - ab(Af) (1.15) 

C 6 

o g is the surface energy of the (a x b) face possessing the 
chain folds. o is the surface energy of the (a x 1) and (b x 1) 
faces . 

A f is the free energy difference between the crystalline phase 
and the liquid phase. f may be approximated as follows: 

At - (A H f )(T m - V)/T m (1.16) 

O' 

This approximation is somewhat crude in that it assumes that the 
entropy change associated with the phase transition at Tm* 
equals aH^/T^, but its present form is accurate enough for this 
discussion. 

At T *, <J>_ will equal zero. Inserting equation (1.16) into 

in c 

(1.15) gives: 
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T m* = T m [1 " 2a e /(AH f )i] (1 * 17) 

terms including do not appear in equation (1.17) because the 
crystal in Fig.l is assumed to be very large in the a and b 
dimension thereby making insignificant surface energy 
contributions, from the (a x 1) and (b x 1) faces. 





Fig.l 


The relationship between lamella thickness and T c is not as 
straightforward as that between lamella thickness and T . In the 
formation of the crystalline lamella, the thickness of crystal growth 
will mimic the thickness of the primary growth nucleus. Polymer 
chains adhering to a growing crystal face will tend to fold regularly 
at the face edge. Growth from chains folding above the existing face 
edge will be inhibited by the energy required to create the 
additional crystal surface in contact with the melt. Growth from 
chains folding below the existing face edge will be inhibited by the 
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energy required to create an additional edge plus the instability 
associated with a thinner crystallite. 

The thickness of the primary growth nucleus is dependent on 
T . The thickness 1* of the primary, bundle-like growth nucleus in 
the chain direction for an infinitely long chain is given by: 

1* = 4a e /Af = 4 ° e T m /[AH f (T ra “ T c ) ] (1 * 18) 

If crystalline growth from the primary nucleus consists 
mostly of chain folding with 1 remaining approximately equal to 
!*, and if a of the crystal equals a of the nucleus, then 

C W 

equation (1.18) may be substituted for 1 in (1.17) giving: 

T * = 1/2 (T + T ) (1.19) 

in me 

More generally, 1 is not necessarily equal to 1* but is 
proportional to 1* by 1 = 81*, and substitution of (1.18) into 
(1.17) gives: 

T m* = T m [1 “ 1/(23)] + T c /(20) (1.20) 

8 must be at least 0.5 to satisfy requirements for thermal 
stability. 

Plotting T * vs. T should give a straight line with a slope of 
m c 
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1/(26). T m can be obtained by extrapolating the plot to T^* = T . 

In the case where nucleation is a homogeneous two-dimensional 
process such as in the deposition of a monolayer of polymer 
chains on the face of an existing crystallite 

1* = 2q/ f = 2 a T / [ AH - (T - T ] (1.21) 

— e' e in L r'mc J 

for an infinitely long chain. Then, as shown above for the 
bundle-like nucleus, 

V = T m (1 ~ VB) + V 6 (1 ‘ 22) 

Here, a plot of T^* vs. T c would yield a straight line with a 
slope of l/g . For the special case in which i = 1*, the slope 
would be 1.0. 

1.10 Introduction to DSC 

Experimental results presented in this report were obtained 
primarily by DSC. Put simply, a DSC measures the rate at which 
heat travels to or from a sample while the temperature of that 
sample is either held constant or changed at a predetermined 
rate. Through these heat flow measurements, enthalpies 
associated with first order transitions and changes in heat 
capacity associated with second order transitions can be 
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calculated. In this report, DSC was used to measure the heats 
of crystallization and melting with focus on the rates and tem- 
peratures at which these transitions occurred. 

A DSC sample chamber has identical sample and reference 
holders. Both holders are in contact with a sub-ambient, 
constant temperature source but are insulated from each other. 
Each holder is equipped with a platinum resistance thermometer 
and heating coil. When in operation, the two holders are 
maintained at equal temperatures at all times by a closed loop 
control of the electrical power provided to the heating coils. 
Energy per unit time which is absorbed or evolved by the sample 
must be exactly compensated by a corresponding increase or 
decrease of power sent to the sample holder relative to the 
reference holder. Measurement of the power difference between 
the sample and reference holders is recorded as energy flow to 
or from the sample. A curve is generated of energy flow vs. 
time, but is most commonly plotted as energy flow vs. tempera- 
ture when temperature changes at a fixed rate. If heat 
generated by the sample per unit time, dh/dt, is designated as 
being negative and heat absorbed by the sample as positive, 
then, for the case where temperature changes at a fixed rate, a 
basic equation relating dh/dt to instrumental quantities can be 
given as [23]: 
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dh/dt = dq/dt - (C - C ) dT /dt + RC (d 2 q/dt 2 ) (1.23) 

S i p s 

dq/dt is the heat flow rate to. the sample from the heat source, 
Tp is the temperature of the heat source, dT p /dt is the 
programmed heating rate, C is the heat capacity of sample plus 
the sample holder, C r is the total heat capacity of the 
reference holder, and R is the thermal resistance of the path 
dq/dt must travel to and from the sample. 

Accuracy of thermal measurements is improved when the second 
term in equation (1.21) is kept as close to zero as possible by 
matching the heat capacities of the sample and reference 
holders. To accomplish this, an empty sample pan weighted with 
extra pan covers in order to approximate the heat capacity of 
the sample, was placed in the reference holder. 

The third term in equation (1.21) represents a thermal lag 
which requires consideration when determining melting peak 
positions and temperature calibration. 

During sharp transitions, such as the melting of metal 
standards, C in equation (1.21) goes to infinity and the 
equation may be rewritten as [24]: 

d 2 q/dt 2 = (1/R) (dT /dt) (1.24) 


Here, the slope of the energy flow curve will not be infinite, as 
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a sharp transition would dictate, but will be of some finite 

maximum value as a result of the thermal resistance and heating 
2 2 

rate, (d q/dt is the slope of the energy flow curve) . For this 
reason, when reading the melting temperatures of sharp 
transitions, it is necessary to designate the onset of the melt- 
ing peak as the true melting point and not the peak maximum. In 
this study, only the metal standards used for temperature 
calibration had melting temperatures that were so narrow as to 
require this consideration. The melting temperatures of the 
polymers analyzed in this study were broad; spanning tens of 
degrees. For such wide melting bands, it is appropriate to 
designate the melting peak maximum, which is indicative of the 
most populous crystalline species, as the melting temperature. 

Heating rate introduces a thermal lag correction to tempera- 
ture calibration arising from the heat capacity of the sample 
holder. The temperature difference between the sample tempera- 
ture and heat source temperature with respect to heating rate 
may be given as [24]; 

T p - T s = RC s (dT p /dt) (1.25) 

The correction is made by melting a standard at various heating 
rates to determine RC . RC may be assumed to be constant 
because the heat capacity of the sample holder is much larger 
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than that of the sample (sample masses used were on the order 
of 10 mg) . 
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2 . 0 EXPERIMENTAL 
2 . 1 The Perkin-Elmer DSC-2 

The DSC used in this study was a Perkin-Elmer model DSC-2. 

The basic instrument consists of a sample head with its 
supporting electronics. An accessory refrigeration unit which 
provides a sub-ambient constant temperature source is connected 
to the sample head. The sample head is enclosed in a glove box 
and is flushed with nitrogen to prevent the formation of frost. 
The instrument panel contains controls for setting heating and 
cooling rates and temperature limits. Controls for baseline 
adjustments, temperature calibration, and energy calibration are 
also available. Thermal data generated by the DSC is 
transmitted to a Perkin-Elmer model 3600 data station. 

The Perkin-Elmer 3600 data station is similar to a personal 
computer. It has two floppy disk drives. One drive runs 
Perkin-Elmer thermal analysis software. The software can 
process raw data from the DSC and can analyze data after being 
stored. On a disk in the other drive data is stored that may be 
retrieved for future analysis or plotting. 

In this study, two software programs were used. One was TADS 
(Thermal Analysis Data Station) , which is used when measurements 
of heat flow are taken while temperature is changing at a fixed 



30 


rate. The other was isothermal software, which is used when 
measurements of heat flow are taken while temperature remains 
constant. 

The TADS software was used to set up and run heating analyses 
and to process raw data from the DSC. During a scan, incoming 
data is displayed on a CRT both numerically and graphically. In 
the latter case, energy flow in mcal/sec is displayed on the 
ordinate and temperature in Kelvin is displayed on the abscissa. 
After completion of a heating scan, the TADS software was used 
to analyze the thermometric data curve with respect to positions 
of peak maxima and peak area. Peak areas, determined by the 
TADS software, are divided by scan rate and sample mass, thus 
yielding heats of transition of the sample expressed in 
cal/g. 

The isothermal software operates essentially in the same 
manner as the TADS software except that data is displayed as 
energy flow vs. time instead of temperature. With the isother- 
mal software, partial peak areas as well as total peak area can 
be measured in order to calculate the fraction of a transition 
completed at any time. 

A lead metal standard, provided by Perkin-Elmer , was melted 
in the DSC at 20, 40, 80, and 160 K/min and the apparent melting 
temperatures were recorded. Thermal lag with respect to heating 
rate was calculated using equation (1.23) as outlined in sec. 
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1.10. RC g was determined to be 0.116 sec. The procedure was 
repeated to assure accuracy. (To enhance readability, isother- 
mal temperatures listed in the following sections of this report 
have not been corrected with respect to heating rate unless 
otherwise indicated. Absolute temperature calibration of the 
DSC was carried out using a heating rate of 20 K/min, therefore, 
2.3 K must be added to the listed isothermal temperatures to 
obtain absolute temperatures.) 

Prior to each DSC experimental session, the temperature 
calibration of the instrument was carefully checked and 
adjusted. Thermal studies of PEEK and PPS polymers required the 
use of the DSC in a temperature range spanning 350 K to 680 K, 
therefore, lead (m.p. 600.65 K) and indium (m.p. 429.78 K) 
standards were chosen for calibration of both temperature range 
and zero. Each standard was melted at 20 deg/min, and the 
indicated melting temperature was recorded. The temperature 
range and the zero controls were adjusted until the indicated 
melting temperatures of the standards were within +/- 0.2 K of 
the actual melting temperatures. The temperature calibration 
was rechecked every two hours during the experiments to insure 
it remained within these limits. Thermal data obtained while 
temperature calibration was drifting out of limits was 
discarded. 
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2.2 Materials and Sample Preparation 

Ne.at PPS resin (MR03, Sa# 58641) made by the Phillips 
Petroleum company was used as a control in this study. Two 
carbon fiber reinforced composite panels incorporating PPS MR03 
resin were studied. The first panel, sample # GD441, was 
prepared at NASA-Langley Research Center. The second panel,- 
sample # 58306, was prepared by Phillips Petroleum. In this 
study, most of the experiments were carried out on the former 
rather than the latter panel. 

The neat PPS resin was obtained in powder form. To convert it 
into an amorphous fused mass, the powder was placed on Kapton 
film and melted in an oven at 615 K for two min in air and then 
quickly quenched in ice water. Of those tried, these time-tem- 
perature conditions were found to produce wholly amorphous PPS 
with the least discoloration. Areas of little or no 
discoloration were cut from the quenched samples and saved for 
DSC experiments. 

As received, the PPS/carbon fiber composite samples studied 
were small pieces of uniaxial panels, approximately 0.2 cm 
thick. These were sawed into strips perpendicular to the fiber 
direction with a coping saw. From these strips, samples of the 
desired size could be easily sheared off with a razor blade. To 
render the PPS in the composites amorphous, composite samples 
were placed in a 615 K oven for 5 min and then quenched in ice 
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water. 

Neat PEEK resin (ICI, Sa# 9211/43) made by Imperial Chemical 
Industries was used as a control in this study. Two carbon 
fiber reinforced composite materials incorporating PEEK resin, 
APC-1 and APC-2, were studied. APC is an ICI designation 
standing for Aromatic Polymer Composite [15]. APC-2 was 
introduced after APC-1 and is said to be more uniform and 
exhibit better mechanical properties than APC-1. Two APC-2 
panels, sample # GD432 and sample # GD433, which were prepared 
at NASA-Langley research center, were the focus of most 
experiments in this study. An APC-1 panel, # 2/397, which was 
prepared by ICI, was examined mainly to reinforce comparisons 
made between APC-2 and the neat PEEK resin. 

The neat PEEK resin was obtained in pellet form. To produce 
amorphous resin, pellets were placed between Kapton films in a 
heated press at 660 K for 4 min then quenched in ice water. 

This method produced clear transparent films of a uniform amber 

) 

color which is characteristic of amorphous PEEK. Samples 
weighing around 10 mg were cut and placed in aluminum DSC sample 
pans . 

PEEK/carbon fiber composite samples were cut in the same 
manner as were the PPS composites. Sample masses were from 20 
to 30 mg. These samples had each been melted once and 
immediately cooled in a previous study [25] . To render the PEEK 
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in the composites amorphous, composite samples were placed in a 
677 K oven for 5 min then quenched in ice water. 

Samples were weighed and placed in aluminum DSC sample pans. 
The sample pans were crimped shut by hand with tweezers. It was 
found that crimping by this method left the bottom of the sample 
pans much flatter than if they were crimped with the crimping 
tool provided by Perkin-Elmer. This flatness is required' for 
good thermal contact with the DSC head. The composite sample 
masses were between 20 and 30 mg and the neat resin samples 
weighed approximately 10 mg. Samples were prepared form both 
amorphous and partially crystalline materials. 

2.3 Isothermal Crystallization of PPS 

High and low temperature isothermal crystallizations of PPS 
resin and its composites were carried out in the DSC. Prior to 
each high temperature crystallization, the sample was cooled 
rapidly from the melt to some T below the melting temperature 
of a perfect crystal T m but above the temperature of maximum 
crystallization rate T max . For low temperature crystalliza- 
tions, a sample quenched to the amorphous state was heated 

rapidly from below T to some T which is below T „ . 
c J g c max 

Data collection began when the sample reached T . The data 
as represented on the DSC computer, was expressed as energy 
flow in millicalories per second (mcal/s) vs. time in min. 
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All crystallization thermograms which were suitable for analysis 
of crystallization kinetics had certain characteristics in 
common (Fig. 2a, 3a and 4a) . In the initial portion of the 
thermogram the energy flow curve would slope sharply as the 
sample head was achieving thermal equilibrium; then it would 
flatten out, establishing a horizontal baseline. As the sample 
would begin to crystallize, the the energy flow curve would dip 
down in response to energy being given off by the sample. The 
data plotted would go through a minimum corresponding to the 
maximum crystallization rate of the sample, then slowly rise and 
level off at the horizontal baseline as the crystallization 
ceased. 

Due to instrumental limitations, most of the crystallization 
temperature. range in the region between Tg and was not 
accessible for study. At temperatures near T max , crystalliza- 
tion would begin before thermal equilibrium could be 
established. At temperatures near Tg and T^, crystallization 
was too slow to be accurately measured. Approximate temperature 
ranges where meaningful data could be collected were 480-510 K 
for the high temperature crystallizations and 385-405 K for the 
low temperature crystallizations. 

To carry out a low temperature crystallization, the sample 

chamber’s temperature was set at 350 K, which is approximately 

11° below the T of PPS. A quenched amorphous sample was 

y 
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loaded into the chamber and heated at 320 K/min to T c « When 
thermal equilibrium was established, which typically took 0.5 
min, the energy ordinate value was noted. As crystallization 
progressed to completion, the ordinate value would return to its 
equilibrium position, and data collection was terminated. 

Several crystallizations were carried out at different tempera- 
tures for both the neat resin and NASA carbon fiber composite. 
Many crystallizations were carried out at the same temperatures 
to evaluate reproducibility. 

To carry out a high temperature crystallization, a sample was 
heated at 320 K/min to 600 K. It was held at that temperature 
for 1 min and then cooled at 320 K/min to T . Thermal 
equilibration typically took about 0.8 min to be established, 
and, as in low temperature crystallizations, data collection was 
terminated when the ordinate value returned to its equilibrium 
position. Several crystallizations were carried out at 
different temperatures for the neat resin, the NASA composite, 
and the Phillips composite. To see if initial melting in the 
615 K oven affected crystallization kinetics, quenched amorphous 
samples used in the low temperature crystallizations were reused 
and compared to fresh samples. Most samples were remelted two 
additional times then compared to fresh samples to check thermal 
stability. In addition, two samples were heated to 600 K and 
held there for 5 min, instead of the usual 1 min, to check ther- 
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mal stability. 

There was concern that differences noted in crystallization 
kinetics between the composite and neat polymer may be due to 
differences in resin formulations. To check this, a 
fiber-containing film was prepared from the neat resin used as 
the control in the above. Chopped graphite fibers (Hercules 
type AS-4 ) were mixed with neat PPS MR03 powder. The mixture was 
placed between two Kapton(R) films and placed in a 593 K press 
for 2 min then quenched in ice water. Regions where fibers 
were most abundant were cut out and saved for crystallization 
experiments. A second film, to be used as a control, was 
prepared in an identical manner but with the fibers omitted. 
Isothermal crystallizations of these samples were carried out 
at 490 K and 495 K. 

2.4 Isothermal Crystallization of PEEK 

Isothermal crystallizations of PEEK were carried out in much 
the same manner as those of PPS. Specific temperatures were 
higher to accommodate the higher melting temperatures of PEEK, 
but the experimental procedures were essentially the same. 

Sample preparation differed slightly in that neat PEEK amorphous 
samples were prepared using a heated press instead of the oven. 

Temperature ranges in which meaningful data could be 
collected were approximately at 570-590 K for high temperature 
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crystallizations and 430-440 K for low temperature crystalliza- 
tions. To carry out low temperature crystallizations, the DSC 
sample head was set at 400 K which is approximately 18° below 
the T of PEEK. A quenched amorphous sample was loaded into the 

into the head and heated at 320 K/min to T . To carry out high 

c 

temperature crystallizations, the sample was heated at 320 K/min 
to 670 K. It was held at that temperature for 2 min then cooled 
at 320 K/min to T c . 

To insure that the samples heated to 670 K were being 
completely melted and purged of any thermally sensitive 
nucleation sites, two samples were heated to 680 K where they 
remained for 2 min. For comparison, they were then crystallized 
under the same conditions as samples heated to 670 K. Three 
samples which had been used in low temperature crystallizations 
were remelted and used in high temperature crystallizations. 
These were compared to fresh samples to see if melting in the 
677 K oven had affected their crystallization kinetics. In 
addition, two samples were held in the 677 K oven for 12 min, 
instead of the usual 5 min, to check thermal stability. 

2.5 T * vs. T Analysis of PEEK 
m c 1 

T * vs. T analysis were carried out on PEEK before they were 
me 

performed on PPS. Experiments were carried out on PEEK 
composites to insure thermal lag errors were not arising from 
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the large composite sample masses used in this study. It is, 
therefore, useful to list these experiments first. 

In T m * vs. T c experiments, samples were melted in the DSC 
after isothermal crystallization therein. Their melting 
behaviors were recorded and correlated with the crystallization 
conditions. 

The procedure used for neat PEEK and PEEK composite samples 
follows: Samples were heated to 670 K and held at that tempera- 

ture for 2 min. They were then cooled at 320 K/min to T c and 
held there for 10 min, unless additional time was required to 
complete the crystallization. Results from previous isothermal, 
crystallization studies were used to determine when crystalliza- 
tion times would exceed 10 min. After isothermal crystalliza- 
tion was complete, the samples were cooled from T to 520 K at a 

c 

rate of 320 K/min. A heating scan was taken from 520-K to 650 K 
at a heating rate of 40 K/min, and thermal data was collected. 

Data obtained at seven crystallization temperatures were used 
at 10° intervals from 530 K to 590 K. To check reproducibility 
and to assure that complete melting was being achieved, a sample 
was heated to 680 K instead of the usual 670 K prior to crystal- 
lization. The crystallization of this sample was carried out at 
550 K. The results were then compared to a sample prepared at 
670 K, also crystallized at 550 K. 

The masses of the PEEK composite samples were two to three 
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times greater than the neat PEEK samples. (This was also true of 
the PPS samples.) There was concern that these differences in 
mass would give rise to unequal thermal conductivities between 
the two samples. Significant differences in thermal 
conductivities will cause apparent temperature shifts of thermal 
data. To be assured that significant differences in thermal 
conductivities were not important, a composite sample of similar 
weight to the neat samples was crystallized at 550 K and 
compared to the larger composite samples. 

2.6 PEEK - T * vs. T ^ (partial conversion^ 

To study chronological order in which different crystalline 
species form, heating scans were taken of a neat PEEK sample 
that was first partially and then totally crystallized at 585 K. 
In the partial crystallization, the sample was cooled from 670 K 
to 585 K at 320 K/min and held at that temperature for 6.0 min, 
the approximate time required to reach the maximum crystalliza- 
tion rate. A heating scan was then immediately undertaken 
without any further cooling of the sample. The procedure for 
the completely crystallized sample was identical, except it was 
held at 585 K for 20 min instead of 6.0 min. 
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2.7 T * vs. T Analysis of PPS 

m c 

The procedure by which neat PPS and PPS composite samples 
were analyzed was much the same as in the PEEK study. However, 
different crystallization temperatures were required to 
accommodate the lower melting temperatures of PPS. 

A typical sample was heated to 600 K and held at that tempera- 
ture for 1 min. The sample was then cooled at 320 K/min to T c . 

It remained at T for 10 min, unless additional time was 

c 

required to complete the crystallization. As in PEEK studies, 
results from previous isothermal crystallization studies were 
used to determine when crystallization times would exceed 10 
min. After isothermal crystallization was complete, the sample 
was cooled from T c to 430 K at 320 K/min. A heating scan was 
taken from 430 K to 580 K at a heating rate of 40 K/min and 
thermal data was collected. 

Seven crystallization temperatures at 10° intervals from 440 
to 500 K were employed here. To check reproducibility, crystal- 
lization at 470 K was carried out on a fresh sample and on a 
sample that had been cycled three times. This was done for both 
PPS composite and and neat PPS samples. 

2.8 PPS - T * vs. T ( partial conversion} 

£. 

A study of the order in which different crystalline species 
form was carried out for PPS in a similar manner as was done for 


42 


PEEK. Heating scans were taken of a neat PPS sample that was 
first partially and then completely crystallized at 485 K. To 
carry out the partial crystallization, the sample was cooled 
from 600 K to 485 K at 320 K/min and held at that temperature for 
2.75 min, the approximate time required to reach maximum crystal- 
lization rate. A heating scan was then immediately . performed 
without any further cooling of the sample. The procedure for 
the completely crystallized sample was identical, except it was 
held at 485 K for 15 min instead of 2.75 min. 

2.9 Microscopy 

PEEK film containing carbon fibers was prepared in the heated 
press. Carbon fibers were thinly spread over a PEEK film and 
covered with a second PEEK film. The sandwich, placed between 
Kapton films, was put in a 660 K press for 4 min and then 
quenched in liquid nitrogen. The Kapton film was removed and 
the PEEK/fiber film was saved for later observation under a 
polarizing microscope. 

PPS film containing carbon fibers was prepared in the same 
fashion as with PEEK with the exception that the PPS sample was 
held in the press at 593 K for 2 min and quenched in ice water. 
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3 . 0 RESULTS 

3.1 Isothermal Crystallization of PPS 

The total areas of exothermic peaks in crystallization 
thermograms were measured and peak minima were determined using 
the Perkin-Elmer 3600 data station. 

The positions of the minima are equivalent to the time 
required for the sample to reach maximum crystallization rate 
(tm ax ) • For purposes of the following discussion, crystalliza- 
tion rates will be considered inversely proportional to t . 

The time required to reach maximum crystallization rate at each 
temperature (isothermal peak positions) for the PPS composites 
and the PPS neat resin samples are listed in Table I. Plots of 

t__„ vs. are given in Fig. 2. 
iricix o 

From Table I and Fig. 2, it can be seen that the carbon fiber 
composite samples crystallize much more rapidly than the neat 
PPS resin. At most crystallization temperatures, the composite 
samples crystallize two to three times more rapidly than the 
neat resin. The crystallization rates of the composite samples 
prepared by Phillips Petroleum were slightly lower than those 
found for the NASA composites, but these differences are small 
compared to the much slower crystallization rates of the neat 
resin. 
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Table I 

PPS - Isothermal Peak Positions 


T c (K) 

Neat PPS 
W (min) 

NASA GD441 
t-max (min) 

Phillips 58306 
tmax (min) 

385 


9.71, 9.60 

— 

390 

8.76 

3.72 

— 

395 

4.08, 3.82 

1.78 


400 

' 2.09 

1.11 

— 

405 

1.04, 1.16 

— 

— 

475 

1.62 


— 

480 

1 . 79 


— 

485 

2.87, 2.45 

1.14 


490 

4.07, 4.41 

1 . 49 

1.90 

495 

6.84 

1.86, 1.86 

2.59 

500 

11.13 

2.77, 2.69 
2.21 

3.86, 4.30 

505 

510 

515 

20.64 

4.39, 3.80 
4.50, 3.67 

6.75, 7.48 
11.4 

6.06 


Table II 


PPS/Fiber 

Film - Isothermal Peak Positions 


Neat Film 

Fiber Film 

c (K) 

tmax (mi n ) 

tmax (min) 

490 

3.13, 3.12 

2.64, 2.84 

495 

4.27, 4.45 

3.68, 4.02 
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The curves of t max vs. T c for the composites and neat resin 
samples are of similar shape if translated along the temperature 
axis. In the high temperature region, the composite sample 
curve shows an approximately 15° increase in displacement 
relative to the neat resin curve. Thus, the composite can crys- 
tallize as rapidly as the neat resin at a T of about 15° higher 
than that of the neat resin. In the low temperature region, the 
difference is not as great; the composite sample curve is 
displaced approximately 5° lower than the neat resin curve. 

Differences in thermal history show little or no affect on 
the crystallization rates of either the.PPS composite samples or 
the neat PPS resin samples. The thermal history of each sample 
before isothermal crystallization is given in the appendix. The 
number of cycles indicates the number of times the sample was 
held at 600 K for 1 min prior to that crystallization. The 
notation "Ov" indicates that the sample had been melted in an 
oven (see sec. 2.2, Materials and Sample Preparation). Samples 
which had been cycled a number of times appear to crystallize 
less rapidly. However, the effect appears to be small and 
perhaps insignificant. The two samples held at 600 K for 5 min 
before crystallization (#01215 and #01216) behaved no 
differently in this respect than the samples held at 600 K for 
the usual 1 min before crystallization. 
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Degrees of crystallinity attained in the isothermal crystalli- 
zations of the neat PPS samples are listed in the appendix. 

These values were calculated by dividing the thermogram peak 
area by an accepted heat of fusion values for a PPS crystal 
(23.9 cal/g [26]). Degrees of crystallinity attained in the 
isothermal crystallizations of the PPS composite samples were 
not calculable since fiber content was not known. Attempts to 
determine the fiber content of these samples, by density 
measurement, were frustrated by the apparent presence of voids. 

The PPS MR03 film containing chopped carbon fibers crystallized 
more rapidly than a similar film in which the carbon fibers were 
omitted. Times to maximum crystallization rate are listed in 
Table II. 

The neat PPS film used as the control in the above 
experiment, was prepared in the 593 K press. This film crystal- 
lized more rapidly than either the neat PPS samples melted in 
the 615 K oven, or those used in the powder form. This may be 
due to the occurrence of biaxial orientation during processing for 
samples prepared in the heated press. 
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3.2 Isothermal crystallization of PEEK 

Isothermal crystallizations of PEEK were analyzed in the same 
manner as were those for PPS. Times to maximum crystallization 
rate (t x ) at various temperatures for the PEEK composites and 
neat PEEK resin samples are listed in Table III. Plots of t max 
vs. T c are given in Fig. 3. 

As was the case with PPS, the PEEK composite samples also 

crystallized much more rapidly than the neat PEEK. The 

difference is not as great as noted in the PPS system, yet 

this difference is definitive and reproducible. Again, the 

curves of t__„ vs. T for the composite and neat resin samples 
luax c 

are of similar shape but are translated along the temperature 
axis. In the high temperature region, the composite sample 
curve shows an approximately 5° increase in position relative to 
the neat resin curve. In the low temperature region, the 
difference is smaller; the composite sample curve is displaced 
approximately 2.5° below that of the neat resin. Crystalliza- 
tion rates of the APC-1 composite panel fell midway between the 
APC-2 composites and the neat resin. No difference was noted 
between the crystallization rates of the two APC-2 composite 
panels (GD432 and GD433) prepared at NASA. 

Successive remeltings in the DSC (indicated under thermal 
history in the appendix) had no apparent affect on the crystal- 
lization behavior of either the PEEK composite or neat resin 
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Table III 

PEEK - Isothermal Peak Positions 


Neat PEEK 
T C (K) tmax (min) 


430 

19.1 

432.5 

7.60, 7.9 

435 

2.19, 3.69 

437. " 

2.43 

440 

— 

570 

1.20, 1.21 

575 

1.99 

5'80 

3.43, 3.27 
4.13 

585 

5.95 

590 

15.8 


APC-2 
tmax (min) 

APC-1 

tmax 

8.55, 7.22 

— 

4.33, 3.46 

— 

1.98, 2.27 

— 

1.35 

— 

0.96, 0.84 

— 


0.77 


— 

1.49, 

1.50 

1.71 

1.92, 

2.02 

2.51 

3.95 


4.85 

6.47, 

6.61 

— 


595 


15 
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samples. Sample 01417, which was held at 680 K for two minutes 
before crystallization, behaved identically to sample 01416, 
which was held at the usual 670 K for two minutes before crys- 
tallization. 

Degrees of crystallinity attained in the isothermal crystal- 
lizations of the neat PEEK and APC-2 composite samples, where 
polymer contents are known [25], are listed in the appendix. 
These values were calculated in the same manner as those for 
neat PPS. 130 J/g (31. 0 7 cal/g) was used as the heat of fusion 
for a PEEK crystal [11]. Degrees of crystallinity attained in 
the isothermal crystallizations of the APC-2 composite samples 
appear to be approximately 7% higher than in neat PEEK for the 
high temperature crystallizations but with no appreciable 
difference in the low temperature crystallizations. 

3.3 Crystallization Kinetics 

Isothermal crystallization thermograms were analyzed using 
the Avrami method mentioned in section 1.8. 

The time dependency of conversion during isothermal 
crystallization can be analyzed using equation 1.14 

= exp(-k't n ) 


1 - Xc(t)/Xc(°°) 


(1.14) 
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Taking the natural log twice of each side of the above 
equation gives: 

ln[-ln(l-c) ] = In k' + n In t (3.1) 

where c equals Xc(t)/Xc(«>) . 

If the crystallization follows the assumptions mentioned in 
the Avrami method, then plots of ln[-ln(l-c)] vs. In t should be 
linear with a slope of n and an intercept of In k' . 

To illustrate the physical meaning of results obtained from 
crystallization kinetics analyses, three examples of isothermal 
crystallization thermograms yielding Avrami exponents of 2.59, 
3.28, and 7.11, with their corresponding double logarithmic 
plots, are given in Fig. 4-6. From these thermograms it can be 
seen how the shapes of the energy flow curves relate to their 
corresponding Avrami exponents. Where the Avrami exponent is 
high, the crystallization abruptly rises to its maximum rate 
shortly after onset. Where the Avrami exponent is low, crystal- 
lization rate gradually increases; reaching its maximum long 
after onset. The double logarithmic plots are given in order to 
show visually the fit of the experimental data to this kind of 



PPS Composite 
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analysis together with their calculated correlation 
coefficients. All of the correlation coefficients are listed in 
the appendix. 

3.4 Crystallization Kinetics - PPS 

PPS isothermal crystallization thermograms were analyzed 
with respect to conversion levels at various times with the 
assistance of the model 3600 data station and the software 
provided by Perkin-Elmer . 

Avrami plots of neat PPS and PPS composite samples showed a 
slight negative departure from linearity. This is believed to 
be due to the high degree of secondary crystallization which 
occurs in PPS. To minimize the effects of secondary crystalli- 
zation on the Avrami analyses, only the initial portion of each 
thermogram was so analyzed. All thermograms were studied 

between the time limits of 0.75t to t „ . These limits 

max max 

corresponded to approximately 15-40% of the total conversion. 
Four data points were collected within these limits from each 
thermogram. 

Values of n determined for the PPS composites and neat resin 
are listed in Table IV and are listed with their correlation 
coefficients in the appendix. Comparative plots of Avrami 
exponents are given in Fig. 7. 
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T C (K) 

385 

390 

395 

475 

480 

485 

4 90 

495 

500 

505 

510 

515 


Table IV 

PPS - Avrami Exponents 

Neat PPS NASA CD441 Phillips 58306 

n n n 



3.99 


3.96, (5.36) 

3. 74 


3.09 



3.26 



3.18, 3.04 
(3.89) 



3.03 

3.38 

— 


3.43' 

2.66 

3.08 

3.28, 3.28 

2.59 


3.37, (5.23) 
3.11 

2.90, 3.10 
(4.29) 

3.38 
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From the low temperature crystallizations, one neat resin and 
two NASA GD441 composite crystallization thermograms were 
determined to be suitable for analysis. Avrami exponents of 
just under 4 were found with no distinguishable difference 
between the neat resin and composite samples. 

Among the high temperature isothermal crystallization data, 
DSC thermograms of six neat PPS resin samples, nine NASA GD441 
PPS composite samples, and two Phillips 58306 PPS composite 
samples were determined to be suitable for analysis. 

Avrami exponents determined from the six neat resin thermo- 
grams were highly consistent. They ranged from 3.04 through 
3.26, and their average value was 3.11. The Avrami exponents 
found for the nine NASA GD441 composite thermograms were 
somewhat less consistent than those for the neat resin in that 
they ranged from 2.90 through 3.43. The average value of n for 
these composites was 3.25, which is similar to that found for 
the neat PPS resin. The two Phillips 58306 composite samples 
yielded Avrami exponents that were much lower those obtained for 
both the NASA composite and neat PPS resin samples. Values of n 
found from the two Phillips composite thermograms were 


2.66 and 2.59. 
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3.5 Crystallization Kinetics of PPS - Early Stages 

In an attempt to study the earliest part of the crystalliza- 
tion and thus eliminate effects of secondary crystallization, 
thermograms analyzed as described in Sec. 3.4 were reanalyzed at 
lower conversion levels. Four sets of crystallization data were 
chosen as suitable for reanalysis on the basis of their apparent 
baseline stability at the onset of crystallization. From the low 
temperature crystallizations, one thermogram of neat PPS resin 
sample crystallized at 390 K was chosen for reanalysis at low 
conversion level. From the high temperature crystallizations, 
one thermogram of a neat PPS resin sample crystallized at 485 K 
and two thermograms from the GD441 composite samples, crystal- 
lized at 500 and 510 K, were chosen for reanalysis. These ther- 
mograms were chosen for their apparent baseline stability at the 
onset of crystallization. 

Limits over which these thermograms were reanalyzed included 

the early onset of crystallization to 0.75 t . These limits 

max 

corresponded to approximately 2-15% of the total conversion. 

Values of n determined for the PPS composite and neat resin 
samples at low conversion levels are listed in parentheses in 
Table IV and are listed in parentheses in the appendix underneath 
their corresponding values obtained at the standard conversion 
levels. Plots of Avrami exponents obtained at low conversion 
are also included in Fig. 7. 
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Avrami exponents obtained from the lower conversion level 
analyses varied greatly but were all much higher than their 
standard conversion level counterparts. They were from 0.85 - 
1.95 higher than the values obtained at standard conversion 
levels. These higher exponents may be valid, but the great 
variation among them, their low correlation coefficients, and 
the small sampling of the overall crystallization exotherm make 
these analyses to appear to be less reliable than the ones of 
section 3.4. 

3.6 Crystallization Kinetics - PEEK 

Analyses of PEEK crystallization data in the manner suggested 
by the Avrami equation were carried out as stated for PPS. 

Values of n obtained for neat PEEK resin and composite samples 
are listed in Table V and are listed with their correlation 
coefficients in the appendix. Comparative plots of Avrami 
exponents are given in Fig. 8. 

In the low temperature region, below T max , Avrami analyses 
were carried out on four neat resin and four APC-2 composite 
sample crystallization thermograms. The values of n obtained for 
the four neat resin thermograms varied greatly, ranging from 
3.61 to 5.27; their average was 4.40. Values of n obtained for 
the four APC-2 composite thermograms below T ffiax also showed 
great variance, averaging 3.88 but ranging from 3.01 to 4.71. 
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Table V 

PEEK - Avrami Exponents 


C ( K ) 

Neat PEEK 
n 

APC-2 

n 

APC-1 

n 

430 

4.20 

3.88 



432.5 

3.61 

4.71 

— 

435 

4.51 

4.41- 

— 

437.5 

5.27 

— 

— 

570 ' 

7.11, 6.98 

— 

— 

575 

7.14 

- — 

3.64 

580 

5.77 

3.69, 3.81 

3.44 

585 


— 

4.29 

590 


3.51 . 

3.73 




430 . 435 440 
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In the high temperature range, these analyses were carried 
out on four neat PEEK resin, four APC-2 composite, and three 
APC-1 composite sample crystallization thermograms. 

The values of n obtained for the neat PEEK resin in the high 
temperature region ranged from 5.77 to 7.14, yielding an average 
value of 6.75. These exponents are much higher than those 
commonly found in crystallizable .polymer systems. 

The four isothermal crystallizations of APC-2 composite 
samples yielded n values ranging from 3.51 to 3.81 and averaged 
3.69. Values of n obtained for the three APC-1 composite samples 
ranged from 3.44 to 4.29 and averaged 3.79. There was a greater 
variation in Avrami exponents for the APC-1 than for the APC-2 
composites, but the averages of the two groups were similar. 

3.7 T * vs. T^ Analysis of PEEK 

Isothermally crystallized neat PEEK and PEEK composite 
samples displayed dual melting endotherms. Each melting thermo- 
gram included a primary peak that was larger and found at higher 
temperatures than the secondary melting peak. Melting thermo- 
grams for neat PEEK crystallized at different temperatures are 
plotted together in Fig. 9 and those for the APC-2 composite in 
Fig. 10. Temperatures of peak maxima were determined using the 
Perkin-Elmer 3600 data station. These data from each thermogram 
are listed in Table VI. These temperatures have been corrected 













Table VI 

PEEK - T m * vs. T c 
Neat PEEK APC-2 


T c (K) 

T m *(low) 

T m *(high) 

T m *(low) 

T m *(high) 

532.3 

544.9 

608.0 

546.2 

613.4 

542.3 

554.1 

608.1 

555.1 

613.1 

552.3 

563.6 

609.3 

564.3 

614.1 




565.0 

616.0 -(low mass) 




564.3 

614.3 -(680K) 

562.3 

572.3 

609.6 

573.3 

614.4 

572.3 

581.8 . 

611.2 

582.3 

615.3 

582.3 

592.1 

614.1 

592.7 

618.5 

592.3 

602.5 

617.8 

601.4 

620.3 
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with respect to heating rate. Plots of T m * vs T c for neat PEEK 
and PEEK composite samples are given in Fig. 11. 

The temperatures of the primary melting peaks are fairly 
constant over the temperature range studied, but a gradual 
increase occurs beginning at the higher crystallization tempera- 
tures. A difference in the primary peak positions was noted 
between the neat PEEK and the PEEK composites. The position of 
the primary melting peak in neat PEEK samples was approximately 
4° lower than in the PEEK composites over most of the crystalli- 
zation temperature range studied. Thermograms of a PEEK 
composite sample and a neat PEEK sample, both crystallized at 
550 K, were plotted together for comparison (Fig. 12) . 

The melting data in Table VI that were marked low mass were 
obtained from a sample that was about one-half the mass of the 
other composite samples. This sample had melting peak positions 
similar to those of the other composite samples. This 
indicates that the higher temperatures of the primary peaks 
found for the composites relative to the neat PEEK samples could 
not derive from thermal lag due to the larger sample sizes of 
the composites vs. the neat PEEK samples used in the study. 

Positions of the secondary melting peaks were not constant 
over the temperature range studied; they increased linearly with 
crystallization temperature with a slope of about 0.9. No 
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significant difference was noted in the secondary peak position 
between the neat PEEK and PEEK composite samples. 

The melting data of Table VI marked 680 K were obtained from 
a sample that was held at 680 K for two minutes before crystal- 
lization. It behaved identically to the composite samples held 
at the usual 670 K for two minutes before crystallization, 
indicating that sufficient premelting had occurred in the latter 
samples . 


3.8 PEEK - T * vs. T ^ (partial crystallization) 

Heating thermograms of the neat PEEK sample, which was 
partially and totally crystallized at 585 K (section 2.6) 
are given in Fig. 13. The total area of each endothermic peak 
was measured and peak maxima temperatures were determined. 

The degree of relative conversion in the partially crystallized 
sample was determined to be 28%. This value was calculated by 
dividing the heat of fusion of the partially crystallized sample 
by the heat of fusion of the fully crystallized sample. 

The fully crystallized sample displayed both primary (high 
temperature) and secondary (low temperature) melting peaks. The 
partially crystallized sample showed only the primary peak. 
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Fig. 13 
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This indicates that the crystallinity corresponding to the 
secondary melting peak occurs from the crystallinity forming 
late in the crystallization and is, therefore, indicative of 
secondary crystallization. Wunderlich previously found that the 
lower melting temperature crystals form first [7] . This 
experiment was carried out to confirm that finding and later 
relate it to PPS. 

3.9 T * vs. T Analvsis of PPS 
21 c 

Results of the T m * vs. T c analyses of PPS were qualitatively 
identical to the results obtained with PEEK. Dual melting 
endotherms were observed for isothermally crystallized neat PPS 
and PPS composite samples. As in PEEK, each melting thermogram 
consisted of a primary and secondary melting peak. The primary 
melting peaks were larger and occurred at higher temperatures 
than did the secondary melting endotherms. Melting thermograms 
for neat PPS and PPS composite samples are give in Fig. 14 and 
Fig. 15 respectively. Peak positions in each thermogram are 
listed in Table VII. Temperatures have been corrected with 
respect to heating rate. Plots of T^* vs. T c for neat PPS and 
PPS composite samples are given in Fig. 16. 

As in PEEK, the temperatures of the primary melting peaks in 
PPS are fairly constant over the temperature range studied, but 
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Fig. 14 
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Fig. 15 



TEMPERATURE OO 





Table VII 


PPS - V T c 
Neat PPS GD441 


T c (K) 

T m *(low) 

• T m *(high) 

T m *(low) 

T m *(high) 

442.3 

' 456.2 

543.2 

456.3 

545.3 

452.3 

465.7 

542.9 

465.8 

545.0 

462.3 

474.6 

542.2 

475.3 

544.5 

472.3 

484.1 

542.0 

484.5 

543.8 


484.4 

542.3 

484.7 

544.1 

482.3 

494; 3 

542.7 

493.8 

543.6 

492.3 

503.8 . 

543.8 

502.8 

544. -4 

502.3 

513.3 

545.9 

512.3 

546.2 
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a gradual increase begins at the higher crystallization tempera- 
tures. However, for PPS, a slight increase in primary peak 
position was also noted at the lower crystallization tempera- 
tures. The differences in the primary peak positions between 
the neat PPS and the PPS composites were not as great as noted 
for PEEK. They were approximately 2° lower for the neat PPS 
samples than for the PPS composites over most crystallization 
temperatures studied. Thermograms of a PPS composite sample and 
a neat PPS sample, both crystallized at 470 K, were plotted 
together for comparison (Fig. 17) . 

As for PEEK, positions of the secondary melting peaks for 
PPS increased linearly with crystallization temperature with a 
slope of about 0.9, and no difference in the secondary peak 
positions between neat PPS and PPS composite samples was noted. 

PPS samples that were thermally cycled four times, then crys- 
tallized at 470 K, behaved identically to samples melted only 
once then crystallized at 470 K. This indicates that the ther- 
mal stability of the PPS samples was not a factor in this set of 
experiments . 

3.10 PPS - T^* vs. T^ (partial conversion! 

Heating thermograms of the neat PPS sample which was both 
partially and totally crystallized at 485 K (section 2.8) were 
plotted together in Fig. 18. The total area of each endothermic 
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peak was measured, and the temperatures of the peak maxima were 
determined. The relative degree of conversion in the partially 
crystallized sample was determined to be 65%. 

As in PEEK, the fully crystallized PPS sample showed both 
primary and secondary melting peaks, and the partially 
crystallized sample displayed only the primary peak. This 
indicates that the secondary melting peak in PPS occurs from the 
crystallinity forming late in the crystallization and is, 
therefore, indicative of secondary crystallization. 

3.11 Microscopy 

Quenched PEEK films containing low areal densities of carbon 
fibers were observed under a polarizing microscope with a first- 
order red retardation plate in place. The films displayed 
extensive birefringence, and the birefringent colors were 
partitioned into differently colored zones by the carbon fibers 
(Fig. 19a) . The sample was subsequently crystallized at 440 K 
under a polarizing microscope using a Mettler FP-2 Microscope 
Hot Stage. Birefringent colors in the crystallized sample were 
not as deep as in the amorphous sample, yet distinct orientation 
of the polymer could be seen in the proximity of the the carbon 
fibers (Fig. 19b) . 

PEEK films from which fibers had been omitted showed slight 
birefringence with large areas showing general orientation. 



Fig. 19 
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This is believed to be due to differential thermal contraction 
between the PEEK polymer and the Kapton(R) film used in the 
heated press. This orientation is relatively insignificant when 
compared to the orientation that occurs when carbon fibers are 
present. 

Quenched PPS films containing carbon fibers also exhibited 
extensive birefringence, and these birefringent colors were 
similarly partitioned by the carbon fibers (Fig. 20a) . The PPS 
film that contained carbon fibers was crystallized as was the 
PEEK film but at 400 K. Again, the birefringent colors in the 
crystallized PPS fiber containing film were not as deep as in 
the amorphous state but indicated distinct polymer orientation 
with respect to the embedded carbon fibers (Fig. 20b) . 


Fig. 20 
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Quenched-amorphous PPS film with carbon fibers. 



The above film crystallized at 400 K. 
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4.0 DISCUSSION 

4.1 Isothermal Crystallization Rates 

The composite samples containing either PPS or PEEK crystal- 
lized more rapidly than did the respective neat resin samples. 
Two probable effects of carbon fibers on crystallization rate 
are nucleation on the carbon fiber surface and enhancement of 
nucleation and growth rates from molecular orientation 
originating from differential thermal contraction between the 
carbon fibers and the polymer melt. 

Plots of t „„ vs. T for PPS show a dramatic increase in 
max c 

crystallization rate in the composite samples as compared to the 
neat resins. The differences are greater in the higher crystal- 
lization temperature range, above T max , the temperature of 
maximum crystallization rate. This is indicative of increased 
nucleation in the composite samples. Crystallization rate at 
high temperatures is limited by nucleation rate. At lower tem- 
peratures, crystallization is diffusion controlled. 

Differences in crystallization rates between neat PEEK and 
PEEK composite samples were not as great as in PPS. This 
may be expected if nucleation on the carbon fiber surface is a 
factor. Neat PEEK crystallizes with a higher nucleation density 
than does neat PPS. The effect of adding more primary nuclei to 
PEEK will not be as dramatic as adding more nuclei to PPS. 


c 
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Photomicrographs of quenched PEEK and PPS films containing 
carbon fibers clearly demonstrate molecular orientation caused 
by differential thermal contraction between fibers and polymer. 
The orientation remained upon subsequent crystallization. This 
indicates that orientation may play a major role in the 
increased crystallization rates of the composites at lower tem- 
peratures where crystallization is diffusion controlled. The 
orientation may position the polymer molecules so that they may 
enter a growing crystal more rapidly, thus increasing the crys- 
tallization rate. Orientation will lower the entropy of the 
melt, thereby increasing the effective degree of supercooling. 
This can also increase crystallization rate. 

Orientation in high temperature crystallizations of the 
composite samples is also likely to increase crystallization 
rate. Orientation is well known to increase crystallization 
rates of many polymers [27,28]. Further, orientation from 
either differential thermal contraction or mechanical stress 
can greatly increase the activity of heterogeneous nuclei in 
polypropylene [29,30], In the high temperature crystalliza- 
tions of the composites, orientation and nucleation on carbon 
fiber surfaces may interact synergistically to increase crys- 
tallization rate. The entropic effect on the melt, cited 
above, can also directly enhance nucleation rates by 
increasing the effective degree of undercooling [31]. 


C-2- 
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4.2 Crystallization Kinetics - PPS 

The Avrami exponents obtained for the neat PPS and PPS 
composites do not elucidate the nature of the effect of carbon 
fibers on the crystallization of PPS. The NASA GD441 composite 
samples gave exponents that were slightly higher than did the 
neat PPS resin, but the Phillips 58306 composite samples gave 
exponents below those of both the neat resin and the NASA 
composite. It is possible that the lower exponents found in the 
Phillips composite are indicative of greater heterogeneous 
nucleation, but this is contradicted by the slower crystalliza- 
tion rates found for the Phillips composite compared to those of 
the NASA composite. 

The differences in crystallization kinetics between the NASA 
and Phillips composites may well be due to different resin 
formulations. The PPS in the Phillips composite may contain 
molecular branching or may be of higher molecular weight than 
that in the NASA samples. This could, in turn significantly 
slows the crystalline linear growth rate so as to reduce the 
bulk crystallization rate in spite of a greater heterogeneous 
nucleation rate. Another possibility is that nucleation 
kinetics were the same for both the NASA and Phillips 
composites, but a difference in the PPS resin used in the 
Phillips composite altered crystalline growth morphology so as 
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to reduce the number of lineal dimensions in which a crys- 
tallizing particle grew. Reducing the number of lineal growth 
dimensions will reduce the Avrami exponent and can also reduce 
the bulk crystallization rate. 

4.3 Crystallization Kinetics - PEEK 

The values of Avrami exponents obtained from high temperature 
isothermal crystallizations of neat PEEK were much higher than 
the values of 3 to 4 commonly found in most crystallizable 
polymer systems. Neat PEEK yielded exponents ranging in most 
cases from 5 to 7 . Reasons for the presence of such high 
exponents are unclear, but it can be demonstrated that they can 
arise from a branched growth morphology or apparent accelerating 
lineal growth rates. 

Nucleation density in PEEK pertaining to the initiation of 
new spherulitic growth centers is very high and, therefore, the 
sizes of its spherulites are very small. For this reason it may 
be necessary to consider a transitional morphology which 
consists of an aggregate of polymer crystallites that have not 
yet assumed the familiar growth habit of a spherulite. 

Sheathlike bundles of crystallites are known to be precursors to 
the more familiar, spherulites [32], however, the peculiar 
geometry of these bundles has not been considered as a factor in 
determining crystallization rates. It may be that in the 
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crystallization of PEEK, these structures assume an importance 
in crystallization kinetics that has not been seen in other 
systems. Electron micrographs of developing spherulites grown 
from dilute solutions, obtained by Lovinger and Davis, exhibit 
growth through a branching fibrillar morphology instead of 
growth from stacked sheetlike lamellae commonly found in crys- 
talline polymers [13]. Initial growing branches may grow 
unrestricted in direction until they fill surrounding space and 
impinge, forming the common spherulite geometry. From this 
point on, growth is restricted in the radial direction of the 
resultant spherulite. 

An analogy may br found in the development of a bush. It 
begins with a few branches, fills in with age, and finally 
attains a spherical shape. Transition from branched growth 
geometry to spherical will give an apparent non-constant lineal 
growth rate if a spherical shape for the particles of the 
developing phase is assumed. 

The suggested development of a PEEK spherulite is 
schematically represented in Fig. 21. The spherulite begins as 
a crystalline axialite with growth occurring at its ends in the 
form of branching fibrils. If lineal growth rate is constant, 
then the length of the growth radial (r) will be proportional to 
time. The mushrooming effect brought about by the branching 
will cause the arc length (a) of the growth surface to increase 
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with the growth radial (r) in an exponential fashion and, 
therefore, (a) will also increase with time in an exponential 
fashion. The geometry of the growing spherulite will not be 
constant with time during this induction period. The ratio of 
growth surface area with r will be increasing with time, and 
the resulting Avrami exponent will be a function of the 
increasing growth surface due to changing geometry in addition 
to increasing growth surface derived from increasing radius. In 
common spherulite growth schemes, the growth geometry is assumed 
to be constant (a sphere? as the name implies) and a growth 
surface arc length will increase exponentially with time only if 
lineal growth rate is accelerating. If conversion in neat PEEK 
consists of growth which is of the branching type suggested 
above, then the experimental PEEK Avrami exponents should be 
approximated if growth kinetics are derived for a sphere with 
accelerating lineal growth rates. The following derivation is 
generated by recasting equations 1.2 - 1.6 using accelerating 
lineal growth rates. 

When nucleation is a random process (homogeneous case) the 
number of nuclei to form in the time period t may be given by 

n = NM Q t or dn = NM Q dt (4.1) 
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where n is the number of nuclei, and 14 is the total mass of the 

o 

crystallizing material, and N is the nucleation rate with 
dimensions [n.mass -1 .^ 1 ] . 

If the lineal growth rate experiences constant acceleration, 
then the radius of a growing spherulite at any time t will be 
given by 

r = (a/2) (t - t.) (4.2) 

where a is lineal acceleration in distance/time squared, and t^ 
is the time at which the spherulite was nucleated. 

The change in crystalline mass (dM ) with respect to time may 
be given by 

dM c = NM o dt i (T T a 3 (t - t..) 6 p c /6 (4.3) 

where p is the density of the crystalline phase, 
c 

The total crystalline mass (M_) at time t is obtained by 
integration of (4.3) between the limits of t^ = 0, and t^ = t 
which yields 

M c = M o (i/42)(TrNa 3 P c )t 7 (4.4) 

Dividing by M Q and combining the constants in the parentheses 
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into one constant gives 

M c /M 0 = k"t 7 (4.5) 

The Avrami exponent in equation (4.5) is 7 (or 6 if 
nucleation is heterogeneous) which is consistent with those 
found with neat PEEK. 

Avrami exponents calculated for the PEEK composite samples 
were found to be much lower than those in neat PEEK. This 
suggests that nucleation may be occurring on the carbon fiber 
surfaces. Nuclei formed on the fiber surface may be thicker and 
occur with greater areal density than those formed in the bulk, 
thus restricting their growth direction normal to the plane of 
the fiber surface. This would result in a constant growth 
geometry very early in the crystallization, thereby, eliminating 
contributions to the Avrami exponent from changing geometry of 
the growing species as crystallization progressed. 

4.4 Tm* vs. Tc Analyses - PEEK and PPS 

In DSC thermograms generated for T m * vs. T c analyses, dual 
endotherms were observed for all samples. As crystallization 
temperature increased, the positions of the primary melting 
remained fairly constant until an increase began at higher 
crystallization temperatures. Inherent heterogeneities present 
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in the neat polymers, as well as in the composites, may be 
responsible for the constancy of the primary peak positions at 
the lower crystallization temperatures. Heterogeneities may 
initiate the growth of thick crystallites relative to the 
minimum thickness required for thermal stability at the lower 
temperatures. 

The slightly higher melting temperatures in neat PPS and PPS 
composite samples at the lowest crystallization temperatures 
were possibly due to melting-recrystallization phenomena 
occurring during DSC heating scans, and not from the states they 
attained during the isothermal crystallizations that preceded 
heating. The phenomenon could start when less thermally stable 
crystallites melt in the early part of the heating scan. That 
molten material would then recrystallize and remelt as the DSC 
scan progresses. 

The primary melting occurred at higher temperatures for the 
composite than in the neat polymer for both PEEK and PPS 
systems. This is probably due to nuclei forming in the 
composites which are thicker in the chain direction than those 
forming in the neat polymer. The cause for thicker nuclei in the 
composites may be nucleation on the carbon fiber surfaces or 
from orientation of the polymer melt through differential ther- 
mal contraction. One must suppose that energetic considerations 
are overriding in the formation of thicker nuclei, since 
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entropic contributions would oppose such an occurrence. Such 
nuclei will grow into thicker lamellae than would otherwise 
form, and could, under favorable circumstances, nucleate 
additional thick lamellae growing outwardly in the spherulite 
radial direction. This is reasonable considering the findings 
of Lovinger and Davis, in which PEEK and PPS lamellae were found 
to grow as fibrils with growth directions parallel to the 
spherulite radii [13,18]. 

The thermal stabilities of secondary crystallites formed at 
lower crystallization temperatures did not level off with T c « 
Their melting points increased linearly with crystallization 
temperature giving a slope of about 0.9. If heterogeneities are 
responsible for the leveling off of the primary peak positions, 
then, apparently the positions of these low temperature peaks 
are unaffected by the presence of heterogeneities. This is 
consistent with the finding that the more thermally stable crys- 
tals representing the primary peak form first in both PEEK and 
PPS crystallizations. Any heterogeneous nuclei initially 
present, other than ones forming on existing crystallite 
surfaces, must immediately be utilized by the formation of the 
higher melting crystals. One can surmise that these less stable 
crystals form in locations that are beyond the influence of 
carbon fibers and that their morphology is influenced more by . 
crystallization temperature than by carbon fiber or other 
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surfaces. This is apparently why the presence of carbon fibers 
has no affect on the secondary peak positions. 

The secondary crystals form from polymer chains held in 
constrained, possibly somewhat extended configurations through 
entrapment of chain segments in the primary crystals. Indeed, 
some secondary crystallites may form from chains in the melt 
that are constrained by previously formed secondary crystal- 
lites. The entropy changes associated with crystallizing and 
melting the secondary crystals will not be as great as in the 
melting of unconstrained chains, since in the melt, chains which 
are restricted will have a lower number of possible 
configurations available to them. Thus T m of the secondary 
crystallites will be increased as shown by T m = AH/AS. The 
effectively increased supercooling of the secondary crystallites 
will encourage their crystallization at temperatures above which 
they would normally crystallize. However, as the population of 
secondary crystals begin to melt, constraints are relaxed on the 
amorphous chains associated with the remaining secondary crys- 
tallites. This would lower the melting temperatures of the 
remaining secondary crystallites and lead to a relatively sharp 
melting peak for them rather than a broad melting continuum that 
might be expected for crystallites that were formed from a melt 
that is progressively becoming depleted of crystallizable 
sequences. Thus, the release of constraints on the remaining 
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secondary crystallites as the earlier ones melted could lead to 
a cascade of melting. We may further speculate that in the case 
of the primary crystallites, morphologies change in a systematic 
way with increasing crystallization temperature so that con- 
straints upon the remaining crystallizable chains increase in 
the amorphous phase and yield the observed change in thermal 
stability of the secondary crystals. Thus, this line of thought 
suggests that the high slope of the secondary peak position vs. 
crystallization temperature indicates that secondary crystalli- 
zation occurs in a restricted melt. Applying equation (1.20) to 
the secondary peak positions gives 8 a value of about 0.55 
indicating that the population of crystals responsible for the 
secondary peak (secondary crystals) form with thicknesses close 
to the minimum required for thermal stability. 

The case for the crystallite thickness, 1, being closely 
associated with the critical thickness of the nucleus formed 
during two-dimensional nucleation, i 2 */ may also be relevant. 
Equation (1.22) shows that if grows slightly larger than i 2 *' 
i.e., 0> 1, then the crystal will be thermodynamically stable 

in that it will melt at T > T c . The slopes of close to 1 in our 
T * vs. T plots could be indicative of such a two-dimensional 
process as is suggested by equation (1.22). 

Apparently, the secondary crystallization occurs in amorphous 
regions which have been rigidified [7] by surrounding higher 
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melting crystals. The secondary crystals grow slowly and to the 
minimum thickness required to form stable crystals in the 
restricted amorphous material. This is consistent with the 
study of Cheng et al . of crystalline PEEK in which a rigid 
amorphous fraction was identified [7]. 
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APPENDIX 

A. PPS - Isothermal Crystallization Experiments 

B. PEEK - Isothermal Crystallization Experiments 


Explanation of Abbreviations 
Cryst. frac. : Degree of crystallinity from DSC 
Corr. : Correlation coefficient 
Thermal history 

Ov: Heated first in oven 

1st, etc.: Number of prior DSC melting and crystalliztion 
cycles undergone by sample 
n: Avrami equation expoent 
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